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Porosity configurationComposite porous vapor chamber (CPVC) with good thermal performance in temperature uniformity and
high heat-flux limit was recently developed, and its wick structure consisted of a condenser wick and an
evaporator wick with uniform radial grooves. However, the underlying mass and heat transfer mecha-
nisms of the CPVC are unclear, hindering its further development. A simplified numerical model is pre-
sented in this paper to study the thermal hydraulic performance of the CPVC. By analyzing of the
thermal performance, liquid/vapor velocity and pressure distributions of the CPVC with the input heat
flux of 6  105–28  105 W/m2, the influence of the wick structures, the wick porosity configuration
and the powder size on the thermal hydraulic performance of the CPVC is investigated. Results show that
the wicks can provide radial multi-artery channels for liquid backflow and heat conductive passages for
heat transfer. The wick porosity affects the performance of the CPVC more than the powder size does. To
obtain better performance, the configuration of the evaporator wick porosity and the condenser wick
porosity should make the maximum pressure drop in the wicks slightly less than the maximum capillary
pressure. However, the optimal porosity configuration varies with the powder size. Larger powder size
results into smaller optimal porosity, and vice versa. In addition, the wick porosities should be as close
as possible to the lower bound of their range. To facilitate the fluid flowing through the multi-artery
channels, the evaporator wick porosity should be slightly larger than the condenser wick porosity. The
work is useful for optimizing CPVC.
 2019 Elsevier Ltd. All rights reserved.1. Introduction
With the rapid development of high heat-flux devices in micro-
electronic and photoelectronic industry, such as CPU, GPU and
high-power light-emitting diodes (LEDs), a novel heat spreader is
required to remove the generated heat effectively. The vapor
chamber (VC) is a good solution for the thermal management
due to its uniform temperature distribution, large condensation
area, light weight, geometric flexibility and remarkably high ther-
mal conductivity [1,2]. A VC consists of an evaporator, a condenser,
a vacuum chamber and a wick structure filled with working fluid.
During operation, the evaporator surface is heated by a heat source
with small area, making the working fluid changes into vapor
phase. Then the vapor gas spreads to the condenser surface with
large area owing to the vapor pressure and condenses to liquid,which flows back to the evaporator through the wick structure
due to the effect of capillary pressure. To ensure the working fluid
returns to the evaporator for another circulation of the heat trans-
fer, the wick structure is required to have high permeability, large
capillary pressure and thermal conductivity [3,4]. However, the
latter two requirements are usually contradictory, thus are difficult
to be satisfied by traditional wick structures with simple structure.
Consequently, more and more efforts have been devoted to design
novel wick structures [1,3,5,6].
Recently, a composite porous vapor chamber (CPVC) with good
thermal performance in temperature uniformity and high heat-flux
limit was developed [7]. The CPVC mainly consists of a top plate, a
condenser wick, an evaporator wick with uniform radial grooves
around a circular cavity, and a bottom plate, as shown in Fig. 1
(a). Experiments results indicated that, the CPVC was able to main-
tain a uniform temperature and could operate efficiently to high
heat fluxes of 28  105 W/m2 without notable performance degra-
dation. However, due to the limited test approaches in terms of
space and time resolution, the underlying mass and heat transfer
mechanisms in the CPVC are unclear. More specifically, influence
Nomenclature
A, B, C cross section
A cross-sectional area of a mesh cell, m2
D copper powder size, lm
hfg liquid latent heat of vaporization, kJ/kg
IR irregular shaped
K thermal conductivity, W/m K
K permeability, m2
Dl side length of a mesh cell, m
n normal direction of liquid-vapor interface
N total number of cells
P pressure, Pa
q heat flux, W/m2
r particle radius, lm
R thermal resistance, K/W
RS regular spherical
T temperature, K
V fluid velocity, m/s
V
!
fluid velocity vector (=u, v, w), m/s
Greek letters
e porosity
l dynamic viscosity, Pa s
q density, kg/m3
r surface tension, N/m
Subscripts
avg average
c capillary
c condenser surface
cw condenser wick
csw solid wall near the condenser wick
eff effective
eq equivalent
esw solid wall near the evaporator wick
ew evaporator wick
hs heating source
i, j, m index of the mesh cells
l liquid
s solid
sat saturation
v vapor
vc vapor chamber
w solid wall
wk wick
1 ambient
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powder size on the thermal hydraulic performance of the CPVC is
unrevealed. This will limit the further development of CPVC, such
as structure optimization of the number of grooves, the diameter
of the circular cavity of the CPVC. Actually, the lack of deep under-
standing of underlying mass and heat transfer mechanisms is a
common problem for the previously mentioned novel VCs based
on experiments. Numerical analysis is proved as an effective way
to complement experimental studies for underlying mechanism
investigation, avoiding the time-consuming and costly experiment
setup. As a result, a simplified numerical model is presented in this
paper to study the thermal hydraulic performance of the CPVC and
the influencing structural factors, aiming at revealing its underly-
ing mass and heat transfer mechanisms.
Up to date, a number of numerical methods have been devel-
oped to investigate the thermal performance of VCs. For instance,
Vadakkan et al. [8] developed a three-dimensional (3D) model to
analyze the transient and steady-state performance of flat heat
pipes subjected to heating with multiple discrete heat sources
and different input heat fluxes. They found that the location where
dry-out initiated was different from that of the maximum temper-
ature and the location with the maximum capillary pressure head
varied in the transient period. Do et al. [9] put forward a numerical
model which took into account the effects of the liquid-vapor
interfacial shear stress, the contact angle, and the amount of liquid
charge in the heat pipe. After the validation of the model, the max-
imum heat transport rate of the heat pipe for the optimum condi-
tions was enhanced by approximately 20%. Patankar et al. [10]
used a 3D numerical VC transport model to evaluate and optimize
the condenser wick. They reported that the model could accurately
capture conjugate heat transport, phase change at the liquid-vapor
interface, and pressurization of the vapor core due to evaporation.
Nonetheless, the methods mentioned above did not consider the
microstructure of the wick, making the influence of the
microstructure on the VC transport beyond understanding. To alle-
viate the problem, Ranjan et al. [11] developed a transient, 3D
model for thermal transport in heat pipes and VCs by integrating
a microstructure-level evaporation model (micro model) with thedevice-level model (macro model). The proposed coupled model
showed great effectiveness to predict the performance of a heat
pipe with a screen-mesh wick. More significantly, in their subse-
quent work [12], several models were also developed to predict
the capillary pressure, permeability and thin-film evaporation
rates of various micropillared geometries. Based on these models,
novel wick structures were also developed, and a 10-fold enhance-
ment in the maximum heat transport capability of the device was
observed. However, contrary to the former kind of approaches, the
computational cost of the coupled method is relatively high. To
satisfy the quick-response requirement of industries, Chen et al.
[13] proposed a simplified transient 3D linear model which
assumed the vapor core as a single common interface between
the evaporator and condenser wicks. The results showed that the
transient response calculated by the model was close to the exper-
imental results with acceptable discrepancies. The same model
was utilized by Lu et al. [14,15] to investigate the influence of wick
column on the performance of a flat plate heat pipe and a VC sep-
arately. For the same reason of efficiency, Patankar et al. [16] fur-
ther developed a transient VC model based on analytical method,
aiming at the study of geometries and operating conditions typical
of thermal management applications. Their results indicated that a
computational cost reduction of three to four orders of magnitude
compared to the finite-volume based model had been achieved.
However, as was pointed by the authors, the transport governing
equations in analytical model were simplified to a system of
first-order differential equations, thus may make the results devi-
ate from the finite-volume based model to some extent.
Considering the relatively complex wick structure included, the
numerical method proposed by Chen et al. [13] is used in this
paper to study the thermal hydraulic performance of the CPVC.
However, different with the wick structure in [13], the evaporator
wick and the condenser wick in the CPVC are separated and the
porosities are different. This also makes the proposed numerical
model slightly different. Based on the model, the temperature,
velocity and pressure distributions in CPVC with different porosity
configuration and wick powder size are analyzed. In this way, it is
hoped to provide an effective way to investigate the underling
Q.-H. Wang et al. / International Journal of Heat and Mass Transfer 142 (2019) 118458 3mass and heat transport mechanisms in CPVC, and to pave a way
for CPVC structure optimization in the future.2. Model description and numerical solution procedure
2.1. Geometry model
Fig. 1(a), (c) and (d) present the schematic diagram of the CPVC
with more details. As it can be seen, the size of the CPVC is
75 mm  75 mm  6 mm, with the thickness of the side solid wall
as 1.5 mm, and top and bottom solid wall as 1.5 mm. In the CPVC,
the thickness of the evaporator wick and the condenser wick is
2.5 mm and 0.5 mm, respectively. Both their length and width
are 63 mm. The two wicks are made of sintered copper powder,
whose shape can be regular sphere (RS-CPVC) or irregular geome-
try (IR-CPVC). On the evaporator, there is a circular cavity with
diameter of 26 mm and depth of 2 mm, so as to supply as the evap-
oration area and also the accumulating area for the storage of
working liquid. Around the circular cavity, there are total 16 radial
grooves uniformly distributed, with their rectangular section as
4 mm in width and 2 mm in depth. The space between the evapo-
rator wick, the condenser wick and the solid wall is connected as
the vapor core. In order to save computational cost, only a quarter
of the CPVC is used as the numerical domain for the thermal per-
formance study because of the axial symmetry, as is shown in
Fig. 1(b).
In the numerical study, unstructured mesh is used to discretize
the numerical domain, and a boundary layer is generated on the
interface between the vapor core and the wick structure and the
solid wall. Fig. 2 presents a schematic meshing principle for
the mass and heat transfer at the wick/liquid-vapor interface and
the solid wall-vapor interface of the CPVC. As it can be seen, on
the wick/liquid-vapor interface, there are both mass and heatFig. 1. Schematic of the CPVC: (a) partial section view; (b) one quarter of the CPVC for nu
section of the CPVC.transfer, while on the solid wall-vapor interface, there is only heat
transfer. In addition, on the solid wall-vapor interface, heat will be
transferred from mesh cells near the evaporator wick to the vapor
core; while near the condenser wick, the heat transfer is on the
opposite.
As mentioned in [7], the CPVC is evacuated at about 7 Pa and
then charged with ethanol (anhydrous ethanol, A.R., 99.5%) as the
working fluid, and a heat source with the area of 10  10 mm2 is
input on the bottom evaporation surface at the ambient tempera-
ture of 303 K; after spreading through the CPVC, the heat is dissi-
pated to the surroundings from the condenser surface; to avoid
the dry-out occurring in the wick/liquid layer, the heat is then dis-
sipated to the surroundings by a cooling copper plate with the size
of 120 mm  120 mm  20 mm with a forced convection; the
remained external surfaces of the CPVC are insulated using a layer
of thermal grease with quite lower thermal conductivity, thus can
be treated as adiabatic. Taking the same strategy of [13], a high
value of convection heat transfer coefficient on the condenser sur-
face can be obtained as 1365.7 W/(m2 K).
Based on the conditions above, the subsequent numerical anal-
yses will be performed. For further simplification, three main
assumptions are made. Firstly, the evaporation and the condensa-
tion of ethanol take place smoothly on the liquid-vapor interface
only [13,17]. In addition, in the numerical domain, the liquid-
vapor interface and the solid wall-vapor interface are represented
by a single wick mesh layer closest to the vapor core, and the cen-
tral temperature of each cell is utilized, as shown in Fig. 2. Sec-
ondly, the convective effects of the liquid on the thermal
resistance can be neglected due to the small magnitude of the liq-
uid velocity, and no dry-out occurs in the wick since otherwise the
CPVC will be abnormally operated, or even damaged [13,18].
Thirdly, because of the tiny temperature difference in the saturated
vapor core, the vapor core can be treated as a uniform layer with a
constant temperature to simplify the heat transfer calculation [19].merical analysis; (c) top view of the CPVC without the condenser part; (d) A-A cross-
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Fig. 2. Meshing principle at the wick/liquid-vapor interface and the solid wall-vapor interface.
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additional assumptions are made [20]: (1) A steady-state condition
is established inside the CPVC; (2) The laminar flow model is
adopted in both the wick/liquid and the vapor zone; (3) The wick
structure is isotropic. In the numerical analyses, the effective ther-
mal conductivity and the permeability of the two wick structures,
which are made of sintered copper powder, are calculated accord-
ing to the Yagi-Kunii equation [20] and the Blake-Kozeny equation
[21], respectively. To improve the accuracy, the physical properties
of ethanol are determined based on the software REFPROPTM,
according to the saturation temperature; the thermal conductivity
of the solid copper wall at different temperatures is obtained based
on the data in [22].
2.2. Governing equations
According to the energy conservation, the energy absorbed by
vapor from the evaporator wicks and the solid walls equals to
the energy from the vapor to the condenser wicks and the solid
walls. Then Eq. (1) can be obtained based on the Fourier heat con-
duction law:
XNew
i
kiAi
Dl=2
Ti  Tvð Þ þ
XNesw
m
kmAm
Dl=2
Tm  Tvð Þ
¼
XNcw
j
kjAj
Dl=2
Tv  Tj
 þ
XNcsw
m
kmAm
Dl=2
Tv  Tmð Þ: ð1Þ
Then the vapor temperature of the vapor core can be calculated
by Eq. (2).
Tv ¼
PNew
i
kiAi
Dl Ti þ
PNcw
j
kjAj
Dl Tj þ
PNw
m
kmAm
Dl TmPNew
i
kiAi
Dl þ
PNcw
j
kjAj
Dl þ
PNw
m
kmAm
Dl
ð2Þ
where T is the temperature (K), k is the thermal conductivity (W/m
K), A is the cross-sectional area (m2) of a cell along the wick/liquid-
vapor interface and the solid wall-vapor interface, andDl represents
the side length of each cell (m). N is the total number of cells and
the subscripts i, j and m represent cell index. Subscripts ew, cw,
esw, csw and w represent the evaporator wick, the condenser wick,
the solid wall near the evaporator wick and the condenser wick and
the whole solid wall, respectively. v represents the vapor core.
As previously assumed, the heat transferred based on evapora-
tion and condensation only takes place in the single wick mesh
layer closest to vapor core, and is equal to the heat transferred
by the conduction as shown in Eq. (1). In this situation, if the liquid
flow in tangential direction is also ignored due to the adopted lam-
inar flowmodel [20], the mass conservation equation of i-th cell on
the liquid-vapor interface can be calculated as follows:qlVn;lAi ¼ qvVn;vAi ¼
kiAi
hfgDl=2
Tv  Tið Þ; ð3Þ
where q represents the density (kg/m3), V is the fluid velocity (m/s),
hfg is the liquid latent heat of vaporization (kJ/kg). The subscript l
and v represent liquid and vapor, respectively, and n is the normal
direction of the liquid-vapor interface. From here, the mass conser-
vation equation on the whole liquid-vapor interface is stated as:
XNew
i¼1
qlVn;lAi ¼
XNcw
j¼1
qvVn;vAj: ð4Þ
In this way, the normal velocity of liquid and vapor of each cell
at the interface can be determined.
On the basis of above analyses and previous assumptions, only
energy conservation equation is taken into account for the solid
wall and liquid/wick:
r2T ¼ 0: ð5Þ
While for the vapor core and the liquid/wick zone, the mass and
momentum conservation equations are considered:
rVeq! ¼ 0; ð6Þ
qeqVeq
!rVeq! ¼ rPeq þ leqr2Veq
! eeqleqVeq
!
=Keq; ð7Þ
where subscript eqmeans equivalent. p is the pressure (Pa), and l is
the dynamic viscosity (Pa s). e and K are porosity and permeability,
respectively. For the vapor core, e and K are 100% and infinity,
respectively. For the liquid/wick zone, the value of e and K is listed
in Table 1. elV
!
=K is a source term supplemented to demonstrate
the pressure drop caused by the wick structure, and is calculated
according to the Darcy law.
2.3. Boundary conditions
For the evaporator surface that contacts with the heat source, a
constant heat flux is input:
ks @Ts=@nð Þ ¼ q: ð8Þ
For the condenser surface, the convective boundary condition is
applied:
ks @Ts=@nð Þ ¼ h1 Ts  T1ð Þ: ð9Þ
For the solid walls of the CPVC that are adiabatic:
ks @Ts=@nð Þ ¼ 0: ð10Þ
For the interface between the solid wall and liquid/wick zones,
the energy and momentum balance produce:
Table 1
Specifications of the CPVCs to be studied.
Samples d (lm) d (lm) [7] q (W(E5)/m2) eew Kew (E-12 m2) ecw Kcw (E-12 m2)
RS-CPVC 37 <50 6
8
10
12
16
20
24
28
0.34 0.82 0.41 1.81
62.5 50–75 0.35 2.64 0.40 4.63
87.5 75–100 0.33 4.09 0.39 8.14
112.5 100–125 0.33 6.75 0.39 13.45
137.5 125–150 0.33 10.09 0.39 20.09
IR-CPVC 15.8 40.1 <50 0.62 2.75 17.69 0.45 0.50 3.23
26.7 67.8 50–75 0.61 7.09 45.73 0.43 1.16 7.50
37.4 94.9 75–100 0.60 12.59 81.05 0.45 2.81 18.09
48.1 122 100–125 0.59 18.84 121.23 0.44 4.19 26.95
58.8 149.1 125–150 0.59 28.16 181.07 0.42 5.08 32.64
Q.-H. Wang et al. / International Journal of Heat and Mass Transfer 142 (2019) 118458 5ks @Ts=@nð Þ ¼ keq @Twk=@nð Þ; ð11Þ
ul ¼ uv ¼ v l ¼ vv ¼ wl ¼ wv ¼ 0: ð12Þ
For the interface between the solid wall and vapor zone, the
thermal and velocity boundary conditions are:
T ¼ Tv ¼ Tsat; ð13Þ
uv ¼ vv ¼ wv ¼ 0: ð14Þ
For the interface between the vapor core and liquid/wick zones,
there is a balance of mass and energy:
qlun;l ¼ qvun;v;qlvn;l ¼ qvvn;v;qlwn;l ¼ qvwn;v; ð15Þ
T ¼ Tv ¼ Tsat: ð16Þ
For the symmetric surface:
@/=@n ¼ 0;/ ¼ u;v ;w; P; T; ð17Þ
where u, v, w are the liquid flow speeds of a cell along X, Y and Z
directions. The subscript s, wk, sat, 1 represents solid, wick, satura-
tion condition of the working fluid, and ambient environment,
respectively.
To evaluate the thermal performance of the CPVC, a tempera-
ture uniformity index is calculated based on the maximum tem-
perature difference on the condenser surface (DTc, max) as follows:
DTc;max ¼ Tc;max  Tc;min; ð18Þ
where Tc,max and Tc,min are the maximum and the minimal temper-
ature on the condenser surface, respectively.
In addition, three resistances are also introduced for the CPVC:
Rv ¼ Ths  Tc;avgqAhs ;Rew ¼
Ths  Tv
qAhs
;Rcw ¼ Tv  Tc;avgqAhs ; ð19Þ
where Rv, Rew, Rcw represent the total thermal resistance (K/W), the
evaporation thermal resistance (K/W), and the condensation ther-
mal resistance (K/W), respectively. Ths, Tc,avg define the maximum
heat source temperature (K) and the average temperature of the
condenser surface (K), respectively. q is the input heat flux (W/
m2), and Ahs is the area of the heat source (m2).
2.4. Numerical procedure
To accomplish the numerical analyses, the software Solid-
worksTM is used to model the geometry of the quarter numerical
domain of the CPVC. Then, Ansys/ICEM CFDTM software is utilized
to discretize the geometry model of CPVCs into unstructured mesh,
and a boundary layer is generated on the liquid-vapor and the solid
wall-vapor interfaces, as illustrated in Fig. 3. Finally, the unstruc-
tured mesh is input to the CFD package Ansys/FLUENTTM for
numerical analyses based on a decoupled strategy. In the strategy,the energy conservation equations of the solid wall and the liquid/
wick zone are solved in advance to obtain the temperature distri-
bution of the CPVC and the heat flux distribution of the liquid-
vapor interface. Then, the normal velocity distribution of the
liquid-vapor interface is obtained based on the heat flux distribu-
tion, according to Eq. (4). Taking the normal velocity distribution
as the velocity-input boundary condition on the liquid-vapor inter-
face of the liquid/wick zone and the vapor core, the mass and
momentum equations in the two individual domains are solved
to obtain the corresponding velocity and pressure distributions.
During numerical analyses, the UDF (User-Defined Function) pack-
age of Ansys/FLUENTTM is utilized to update the saturation temper-
ature on the liquid-vapor and the solid wall-vapor interfaces and
the source term in the momentum equations (Eq. (7)). In this
study, the numerical analysis is considered as converged when:
(1) the relative error between the heat input to and output from
the CPVC is within ±0.5%, and (2) the residual value of the continu-
ity and momentum equations is less than 106.
In order to validate the accuracy of numerical results, a grid
independence analysis is carefully tested based on three sets of
grids (923879, 1,243,875 and 1575206) for the CPVC. The results
show that the grid system of 1,243,875 is enough to obtain an
accurate numerical simulation result, since the difference of the
tested quantities, such as the relative errors of the maximum tem-
perature, vapor velocity, as well as the liquid pressure drop in the
CPVC, between 1,243,875 and 1,575,206 cells models are less than
2%.3. Results and discussion
The specifications of the CPVCs to be studied are the same as
that in [7] and listed in Table 1. As it can be seen, the powder size
(d) in [7] for RS-CPVCs with regular spherical powders and IR-
CPVCs where powders are of irregular shape is in the range
of <50 lm, 50–75 lm, 75–100 lm, 100–125 lm and 125–
150 lm. Accordingly, the size of 37 lm, 62.5 lm, 87.5 lm,
112.5 lm and 137.5 lm is chosen for RS-CPVCs in the numerical
study. To determine the powder size for IR-CPVCs, in our study
the irregular powders are simplified as ellipsoids as shown in the
left bottom corner of Table 1. Based on the study of [7], it is found
that the ratio of the minor axis of the ellipsoids to the major axis is
roughly in the range of 0.3–0.5. On this basis, the effective size of
the irregular powders are determined as 15.8 or 40.1 lm, 26.7 or
67.8 lm, 37.4 or 94.9 lm, 48.1 or 122 lm and 58.8 or 149.1 lm,
respectively. However, since the thermal equation Eq. (5) does
not consider the powder size, only the size of 15.8 lm, 26.7 lm,
37.4 lm, 48.1 lm and 58.8 lm will be utilized to investigate the
thermal performance of CPVCs. The powder size, as well as the
evaporator wick porosity (eew) and the condenser wick porosity
(ecw), will be used to calculate the thermal conductivity (k) and
Fig. 3. Unstructured mesh of the computational domain.
6 Q.-H. Wang et al. / International Journal of Heat and Mass Transfer 142 (2019) 118458permeability (K) of the two wicks. The input heat flux (q) for the
two kinds of CPVCs is in the range of 6  105–28  105 W/m2.
3.1. Numerical model validation
Before analyzing the thermal hydraulic performance of CPVCs,
the numerical method is validated by comparing the simulation
results and the experiment data, which was obtained according
to the set up in [7].
Fig. 4 presents the temperature difference (dif) between exper-
iment data and numerical results. In the experiment study [7], thir-
teen shield thermocouples (T1-T13) are attached on the condenser
surface and the evaporator surface of a CPVC, as shown in Fig. 4(a).
However, only the temperatures of T9, T7, T8, and T11 are utilized
to validate the numerical method, since just one quarter of a CPVC
is taken for numerical analyses. The temperature of T7 is averaged
from that of T2, T3, T6 and T7, T8 is from T1, T4, T5 and T8, and T11
is from T10, T11, T12 and T13. For conciseness, T9, T7, T8 and T11
are termed as Tcen, Tmid, Tcor and Te, respectively. Subscripts ‘‘cen”,
‘‘mid”, ‘‘cor” and ‘‘e” mean ‘‘center”, ‘‘middle”, ‘‘corner” and(a) Distribution of thermocouples (b) Temperature of thermocouples
Evaporator surface
Condenser surface
Tcen
Tmid
Tcor
Te
Fig. 4. Temperature difference (dif) between‘‘evaporator surface”, respectively. Fig. 4(b) depicts the experimen-
tal temperature distribution of the CPVC with best thermal perfor-
mance and regular powder size of 50–75 lm to the left, and the
temperature deviation of the simulation results from the experi-
ment data to the right. As it can be seen, at all heat fluxes the tem-
perature differences of Tcen and Tmid between experiment data and
numerical results are very small with relative errors less than 1%.
However, numerical temperatures of Tcor and Te are larger than
the experimental ones, and the maximal temperature differences
can reach 7.81 K and 5.45 K, respectively. Nonetheless, the relative
errors are still less than 2.5% and 1.5%, respectively. Obviously, this
can imply the reliability of the proposed numerical models and
assumptions.
More importantly, from Fig. 4(b) it can be further found that the
experimental temperature of Tcor is less than that of Tmid, and even
of Tcen. This seems inconsistent with theory, since the thermal
conductivity of the CPVC’s solid copper wall is as high
as  400 W/(m K) and much greater than that of the wicks (less
than 4.5 W/(m K)). This will inevitably make areas near the CPVC’s
side wall hotter. Namely, the experimental temperature of Tcor and temperature deviation of simulation results from experiment data
experiment data and numerical results.
Q.-H. Wang et al. / International Journal of Heat and Mass Transfer 142 (2019) 118458 7should be larger than that of Tmid and Tcen theoretically. As a result,
the temperature difference of Tcor between experiment data and
numerical results should be smaller than that shown in Fig. 4(b).
For example, if the maximal experimental temperature of Tcor were
replaced by that of Tmid, the maximal temperature difference of Tcor
could be reduced to 5.59 K. This further warrants the reliability of
the proposed numerical method and can be used to explain the
phenomena that will be discussed in in Fig. 5(a) and (b). The reason
making the experimental temperature of Tcor smaller than that of
Tmid and Tcen may be that a systematic error had occurred for Tcor
without being observed. However, this is not the topic of this paper
and will not affect the effectiveness of the proposed numerical
method considering the small relative errors.
The proposed numerical method can also be validated by the
critical evaluation criteria of the thermal performance of CPVCs,
i.e., the temperature uniformity indexDTc,max of the condenser sur-
face and the total thermal resistance Rv, as shown in Fig. 5. As it can
be seen from Fig. 5(a) and (b), the numericalDTc,max are larger than
the experimental counterpart, especially for IR-CPVCs due to the
larger permeability and the lower effective thermal conductivities
(calculated according to the Yagi-Kunii equation [20]) of
their evaporator wicks. However, the linear trends of the numerical
DTc,max are very similar with the experiment observations in [7].(a) Tc, max of RS-CPVCs 
(c) Rv of RS-CPVCs 
Fig. 5. Comparisons between the numerical resuMore importantly, as discussed in Fig. 4(b), the numerical DTc,max
should not be so larger than the experimental DTc,max as looks in
Fig. 5(a) and (b), since the temperature of Tcor should larger than
that of Tmid and Tcen. Another point need to be noted is that,
DTc,max of CPVCs with different powder size is closer to each other
in the numerical study than that in the experimental investigation.
This is because the effective thermal conductivities of the wicks
only take the wick porosities, instead of powder size, into account
(see [20]).
As for Rv shown in Fig. 5(c) and (d), it is expectantly to find that
the numerical results of all CPVCs are in the range of the experi-
mental data. However, the numerical Rv of RS-CPVCs is slightly
lower than the lower bound of the experimental Rv. This may be
ascribed to the heat loss that inevitably exists in experimental
study, since more heat needs to be input to obtain the same Tc,avg
in Eq. (19). As a result, the experimental Ths in Eq. (19) will be lar-
ger than the numerical one. While for IR-CPVCs, the effective ther-
mal conductivities are lower, thus overwhelming the effect of the
heat loss and making Rv larger. In addition, similar with experi-
ment analyses, the numerical Rv keeps almost constant with the
increase of heat flux, supporting the observations in [7] that CPVCs
can handle high heat fluxes, even at 28  105 W/m2, steadily
without performance degradation.(b) Tc, max of IR-CPVCs 
(d) Rv of IR-CPVCs 
lts (‘Sim’) and the experimental data (‘Exp’).
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Fig. 6 shows the temperature distribution of a RS-CPVC with
powder size of 137.5 µm and an IR-CPVC of 58.8 µm, at the heat
flux of 28  105 W/m2. Temperature distributions of all other
CPVCs at all heat fluxes are similar. From the figure, several com-
mon observations can be obtained. First, for the condenser surface,
the temperature distribution is uniform (Fig. 6(a) and (b)) thus
indicates that good temperature uniformity can be obtained. In
addition, it is found that the temperature decreases from the wall
to the center and the highest temperature distributes in the wall
(Fig. 6(c) and (d)). This supports the doubt about the relatively
lower experimental temperature of Tcor discussed in Fig. 6(b).
Second, Fig. 6(e) and (f) indicate that the heat generates from
the heat source to a circle zone on the evaporator and spreads to
the further area with a decreasing temperature gradient, and that
the area under the wick grooves has lower temperature, implying
more heat will be transferred through the non-grooved portions of
the evaporator wick. However, since the thermal conductivity of
the evaporator wick in IR-CPVCs is smaller, more heat will be
retained and accumulated in the evaporator wick, thus making
the temperature in the evaporator wick of IR-CPVCs higher than
that of RS-CPVCs. In another word, heat transfer in RS-CPVCs is fas-
ter than that in IR-CPVCs. This is consistent with the results of
Fig. 5(c) and (d).
Third, from Fig. 6(g) and (h) it can be seen that temperature on
the evaporator wick-condenser wick interface is generally lower
than that on the vapor-condenser wick interface. This is because
the vapor transfers faster in the vapor core than the liquid does
in the wicks, making the heat carried by the vapor arrive at the lat-
ter interface earlier. At the same time, the transferred heat via the
vapor will be quickly released due to condensation, making the
vapor-condenser wick interface even hotter. For this reason, the
temperature near the solid wall is almost the same for the evapo-
rator wick-condenser wick interface and the vapor core-condenser
wick interface. More importantly, the heat in the condenser wick
will be carried out through the evaporator wick-condenser wickFig. 6. Temperature distributioninterface due to the backflow of the condensed liquid to the evap-
orator wick, thus further decreasing the temperature on the evap-
orator wick-condenser wick interface.3.3. Liquid/vapor velocity distribution of CPVCs
3.3.1. Liquid velocity distribution of CPVCs
The representative velocity distribution in the wick structures
of CPVCs is presented in Fig. 7, from where some common phe-
nomena can be observed for all other CPVCs at all heat fluxes. First,
on the bottom surface of the evaporator wick (Fig. 7(a), (e), (g) and
(k)), the liquid ethanol flows from the surrounding region to the
central area for evaporating and accelerates to the highest velocity
when it approaches the circular cavity region. This is because the
working liquid flowing back from the condenser wick converges
here with the common flow directions, which results in the
increased mass flow rate. Then the liquid velocity decreases to a
lower rate at the center due to the aggregation effect. Based on
the stream-traces, it can be further found that in the region far
from the circular cavity the ethanol liquid mainly flows through
the non-grooved portions of the evaporator wick, which are actu-
ally the flow paths for the condensed working fluid. While in the
region of circular cavity, the ethanol liquid flowing back and down
to the evaporator wick needs to bypass the non-grooved portions
to arrive at the center of the wick. As a result, it is forced to flow
near/along of the axes of the grooves. However, since the perme-
ability of IR-CPVCs is larger and the same mass flow rate will be
resulted from smaller velocity, the maximum velocity in the evap-
orator wick of the IR-CPVC is smaller than that of the RS-CPVC.
Second, on the top surface of the condenser wick (Fig. 7(b), (f),
(h) and (l)), the ethanol liquid has two opposite flow directions. In
the region far from the circular cavity, the flow direction is from
the boundary of the wick to the center. While in the area above
the circular cavity, the direction is from the center to the outside.
More importantly, both of the flow directions imply that the liquid
can be transported through the wick to guarantee the supply of
ethanol liquid for another working circulation (Fig. 7(c) and (d)),s of RS-CPVC and IR-CPVC.
Fig. 7. Velocity distribution and stream-traces in the liquid/wick zone of a RS-CPVC (a)–(f) and two IR-CPVCs (g)–(l): (c) and (d) are the cross-sections obtained from (a); (i)
and (j) are the cross-sections obtained from (g).
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structures is capillary pressure rather than gravity. In addition,
similar with the velocity distribution on the bottom surface of
the evaporator wick, the existence of non-grooved portions on
the evaporator wick (i.e. flow paths) makes the maximum velocity
on the top surface of the condenser wick appear near the periphery
of the circular cavity when the liquid flows from center to outside,
while the velocity near the axes of the wick grooves low when the
liquid flows from the boundary of the wick to the center (Fig. 7(b),
(f), (h) and (l)). However, the velocity distribution of the liquid
flowing from the wick boundary to the center is quite different
for RS-CPVCs and IR-CPVCs. As it can be seen from Fig. 7(h) and
(l), the effect that makes liquid in the condenser wick flow through
the flow paths to the evaporator wick is stronger for IR-CPVCs. This
can be observed no matter the powder size of the IR-CPVC is
37.4 lm or 94.9 lm, implying that powder size is not the main fac-
tor causing the difference of the liquid velocity distribution
between CPVCs.3.3.2. Vapor velocity distribution of CPVCs
Fig. 8 shows the representative velocity distributions and
stream-traces in the vapor core of CPVCs. As is shown in the figure,
the vapor velocity distribution of RS-CPVCs and IR-CPVCs is quite
similar, except that the maximum velocity in the IR-CPVC is smal-
ler. In the two CPVCs, the ethanol is evaporated to vapor under the
influence of heat source. Then the generated vapor spreads from
the vapor-evaporator wick interface to the vapor-condenser wick
interface, and to the surrounding space between the wick and
the solid wall through the uniform radial grooves. In the area near
the heat source, the vapor velocity is lower because the vapor
spreads to different directions quickly after evaporating, thus lim-
iting the increase of the vapor velocity. Subsequently, the vaporgoes through an acceleration process from the hot spot and obtains
the maximum velocity in the middle part of each radial grooves.
This is because vapor converges here and goes in the common
direction without obstacles. However, the vapor velocity decreases
to the lowest in the surrounding space between the wick and the
solid wall due to the resistance and the accumulation of vapor from
different directions.
The cross-sections (i.e. A-A, B-B and C-C) presented in Fig. 8
indicates that, part of the vapor, which spreads into the surround-
ing space between the wick and the solid wall, flows up to the bot-
tom surface of the upper solid wall and the periphery of the
condenser wick. While, the other part flows down to the top sur-
face of the lower solid wall and the periphery of the evaporator
wick. Compared with the cross-sections shown in Fig. 7, it can be
inferred that some ethanol vapor can be condensed on the periph-
ery surface of the evaporator wick. In addition, from the cross-
sections it is observed that there are eddies in the surrounding
space between the wick and the solid wall at heat flux as high as
28  105 W/m2. This is mainly because of the large velocity of
the vapor and the resistance caused by the solid wall.3.4. Pressure distribution of CPVCs
Fig. 9 shows the pressure distributions in the liquid/wick zone
and the vapor core of the RS-CPVC and the IR-CPVC with powder
size of 37 lm and 15.8 lm, respectively. Based on Fig. 9(a) and
(b), it is clear that the lowest liquid pressure in the wicks of the
CPVCs is located at the heat source location where the liquid is
evaporated. In addition, from the results it is found that the liquid
pressure gradient on the top surface of the condenser wick can be
divided into two parts. In the first part, the pressure is decreased
from the periphery of the condenser wick to the boundary of the
Fig. 8. Velocity distribution and stream-traces in the vapor core of a RS-CPVC (87.5 lm) and a IR-CPVC (37.4 lm).
Fig. 9. Pressure distribution in the wicks and the vapor core of the RS-CPVC and the IR-CPVC with powder size of 37 lm and 15.8 lm, respectively.
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the center of the condenser surface to the boundary of the circular
cavity. On the bottom surface of the evaporator wick, the pressure
gradient is directly decreased from the periphery to the center of
the wick. However, the pressure distribution in the area out of
the circular cavity is almost coincident with that on the top surface
of the condenser wick, and the change of the pressure gradient is
much gentler than that in the circular cavity area. Obviously, the
pressure gradient shown in Fig. 9(a) and (b) is consistent with
the liquid flow directions presented in Fig. 7, and the regions where
the liquid velocity is large are exactly the areas where the pressure
gradient changes dramatically.
Besides the similar findings above, the difference of the liquid
pressure distribution between the RS-CPVC and the IR-CPVC is also
obvious, in terms of pattern and value, as shown in Fig. 9(a) and
(b). The difference can be used to explain the phenomena pre-
sented in Fig. 7(b), (f), (h) and (l). Namely, on the top surface of
the condenser wick of the RS-CPVC, the velocity magnitude in most
regions out of the circular cavity is close to that in the circular cav-
ity; while for the IR-CPVC, the velocity magnitude in most area out
of the circular cavity is obviously smaller than that in the circular
cavity. In addition, the stronger effect for IR-CPVCs to make the liq-
uid in condenser wick flows through the flow paths to the evapo-
rator wick with smaller velocity, as discussed in Fig. 7, is also due
to the difference of the liquid pressure distribution between the
RS-CPVC and the IR-CPVC. The reasons for the difference will be
discussed in Fig. 12.
Different with the wicks, the highest vapor pressure on the bot-
tom surface of the condenser wick, where the vapor condenses, lies
in the area above the heat source; while the lowest pressure is inthe space near the solid wall, as shown in Fig. 9(c) and (d). With
no surprise, the area of the lowest pressure is coincident with
the region of the lowest flow velocity as presented in Fig. 8. From
the figure, it is also found that there is an obvious pressure increase
when the vapor enters to and leaves from the wick grooves. This is
because of the resistance caused by the non-grooved evaporator
wicks and the solid wall. Compared with the wicks, the pressure
drop in the vapor core is much smaller. However, similar with
the wicks, the pressure drop in the IR-CPVC is less than that in
the RS-CPVC. This is consistent with the maximum velocity in
the two kinds of CPVCs.
It is known that it is the capillary pressure that drives the con-
densed vapor (liquid phase) flows back to the bottom evaporator
wick. The maximum capillary pressure DPc (kPa) that can be pro-
vided by the wicks of CPVCs is calculated based on the Young-
Laplace equation [23]:
DPc ¼ 2r=reff ð20Þ
where r is the surface tension of the liquid, and reff is the effective
pore radius and can be obtained based on the method proposed by
[24]. If DPc is insufficient to overcome the maximum pressure drop
DPvc, the sum of the maximum pressure drop in the wicks and the
vapor core, described in Fig. 9, the backflow of the liquid to support
the circulation of the fluid in CPVCs will not be sustained, causing
dry-out of liquid in the area near the heat source with the minimum
pressure. This will decrease, even deteriorate, the performance of
CPVCs.
Fig. 10 shows that DPvc and DPc of both kinds of CPVCs change
in a linear way, no matter they increase or decrease. In addition,
the smaller the powder size is, the larger the DPvc and the DPc
(a) RS-CPVCs with different powder size (b) IR-CPVCs with lower powder size range (c) IR-CPVCs with upper powder size range 
Fig. 10. The maximum pressure drop and capillary pressure of CPVCs at different heat flux.
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permeability, even when the wick porosities are the same, as
shown in Table 1. This will further lead to larger pressure drop
as demonstrated by the source term in Eq. (7), making DPvc in
IR-CPVCs smaller than that in RS-CPVCs. Different with DPvc, DPc
in all CPVCs decreases with the increase of heat flux, since higher
saturation temperature in CPVCs will be resulted from larger heat
flux, thus makes the surface tension of the ethanol liquid in Eq. (20)
decrease.
Fig. 10(a) further indicates that DPvc curves in RS-CPVCs inter-
sect with the corresponding DPc curves, except that with powder
size of 137.5 lm. This means that if the heat flux is larger than
the critical value, the risk of dry-out is high. Generally, to have
enough power to drive the liquid circulate in the wicks of CPVCs,
DPc should be as large as possible. However, according to
Eq. (20), larger DPc comes from smaller powder size, which results
into smaller wick permeability and subsequently makes the
pressure drop to be overcome larger according to the source term
in Eq. (7). As a result, theoretically there should be a balance
between the capillary pressure and the powder size to make DPvc
in the wicks should be smaller than, but as close as possible to,
DPc. In the experimental study [7], it was found that the RS-CPVC
with powder size of 50–75 lm had better thermal performance.
This means that DPvc can also be larger than DPc to some extent
in practice due to the less than ideal operating conditions, which
may be extreme and should be avoided as carefully as possible.
Different with RS-CPVCs, Fig. 10(b) and (c) implies that IR-CPVCs
with powder size in the lower and upper range can work safely.
Moreover, it is found that the capability of DPc to maintain the
fluid circulation in IR-CPVCs is more than sufficient; namely, there
is large space to enhance the thermal performance of IR-CPVCs. In
this sense, Fig. 10 again implies that powder size is not the only
factor influencing the pressure distribution in CPVCs.
3.5. Influence of wick porosities on the performance of CPVCs
In the numerical study, it is found that the evaporator wick
porosity (eew) and the condenser wick porosity (ecw) have great
influence on the performance of CPVCs. By varying eew and ecw
from 0.2 to 0.6, several common phenomena can be observed as
shown in Fig. 11. First, most quantities including the maximum
temperature difference DTc,max on the condenser surface, the total
thermal resistance Rv, the maximum liquid velocity Vl,max, and the
pressure dropDPvc of CPVCs increase with the increase of heat flux,
for all configurations of eew and ecw, since more energy will be
input into CPVCs when heat flux increases. However, the maxi-
mum vapor velocity Vv,max reaches the maximum at the heat flux
of 22  105 W/m2 and drops to a lower value at 28  105 W/m2.The reason is that, at heat flux as high as 28  105 W/m2, the cap-
illary pressure is insufficient to overcome the pressure drop and
maintain the circulation of fluid in CPVCs (refer Fig. 10 for exam-
ple). This will hinder the vapor to be condensed in time and cause
larger viscous resistance by the vapor itself. Nonetheless, since
Vl,max and Vv,max are positively correlated with DPvc as explained
in Eq. (7), the surfaces shown in Fig. 11(c)–(f) are similar.
Second, the influence of eew is greater than that of ecw for all
quantities except DTc,max (Fig. 11(b)–(f)) and can be explained as
follows. Compared with ecw, the change of eew will cause larger
change of the total permeability of CPVCs, since the volume of
the evaporator wick is larger than that of the condenser wick. In
addition, the circular cavity and the grooves in the evaporator wick
can provide large space for the fluid to flow out the evaporator
wick, thus considerably reducing the effect of ecw on the perme-
ability of the evaporator wick. This makes the influence of eew on
Vl,max and Vv,max, as well as DPvc, larger than that of ecw. As for
Rv, the maximum heat source temperature Ths in Eq. (19) is mea-
sured from the bottom surface of the evaporator wick thus will
be influenced more by eew, instead of by ecw. Regarding
with DTc,max, its measurement has no direct dependence on the
evaporator wick. Inevitably, ecw has more influence on DTc,max
than eew does.
Third, in our numerical study it is observed that DTc,max, Rv,
Vl,max and Vv,max are almost the same for the RS-CPVC with powder
size of 62.5 lm and the IR-CPVC of 26.7 lm. Since the simplified
ellipsoids in our study is just utilized to obtain the effective size
of the irregular powders without considering their shape, the
numerical results indicate that the powder size has little influence
on the thermal performance and the fluid velocity of CPVCs. This is
coincident with the findings in Fig. 7. However, for pressure drop in
CPVCs, the situation is different as shown in Fig. 11(e) and (f). This
is because the wick permeability exponentially increases with the
increase of powder size for a given porosity according to the Blake-
Kozeny equation [21], consequently the pressure drop will be
decreased as is explained previously.
Besides the phenomena above, Fig. 11(a) and (b) show that
DTc,max and Rv increase with the increase of ecw and eew. The reason
is that, smaller ecw and eew will lead to larger thermal conductivity
for the wicks, thus making heat transfer in the wick faster and
more uniform. This indicates that the smaller eew and ecw are,
the better the thermal performance of the CPVCs will be, since both
DTc,max and Rv are on the smallest level. However, this is not nec-
essarily true when further investigating the trends of Vl,max, Vv,max
and DPvc of CPVCs presented in Fig. 11(c)–(f). According to the dis-
cussion in Subsection 3.4, the best configuration of eew and ecw
should be near the DPc surfaces, which are demonstrated as DPc
 3.246 kPa for the RS-CPVC with powder size of 62.5 lm and
(a) Influence on Tc,max of two CPVCs (b) Influence on Rv of two CPVCs (c) Influence on Vl,max of two CPVCs 
(d) Influence on Vv,max of two CPVCs (e) Influence on Pvc of the RS-CPVC (f) Influence on Pvc of the IR-CPVC 
Fig. 11. Influence of wick porosities on the performance of CPVCs, (b) the Rv surfaces are shifted along Z direction to distinguish them.
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and (f), respectively. As a result, the ideal eew of the RS-CPVC of
62.5 lm should be in the range of 0.35–0.4, with ecw > 0.3. How-
ever, if eew is in the range of 0.4–0.5, ecw should be in the range
of 0.2–0.3. Regarding with the IR-CPVC of 26.7 lm, the reasonable
range for eew and ecw is 0.4–0.45 and >0.3, respectively. This further
implies that the optimal porosity configuration of eew and ecw will
not remain fixed for different powder size. For larger powder size,
the optimal porosity is smaller, and vice versa. In addition, both eew
and ecw should be as close as possible to the lower boundary of
their range when considering the trends of DTc,max and Rv.
The influence of wick porosity configuration on the pressure
distributions on the top surface of the condenser wick and the bot-
tom surface of the evaporator wick are further studied and pre-
sented in Fig. 12. Obviously, different porosity configuration
results into different pressure distribution on the two surfaces.
First, if eew and ecw are equal, the pressure distribution of different
CPVCs is almost of the same pattern. Second, for a given eew, the
pressure gradient on the top surface of the condenser wick
decreases with the increase of ecw; but the pressure gradient on
the bottom surface of the evaporator wick increases, especially
when eew is larger. However, for a given ecw, the trends of pressure
gradient with eew are on the opposite, especially when ecw is smal-
ler for the bottom surface of the condenser wick. The phenomena
are more obvious in the region above/under the circular cavity.
This is attributed to the permeability and the thickness of the
wicks. According to Darcy’s law, lower permeability and larger
thickness of a porous structure will produce larger pressure drop,
and vice versa. For example, for the CPVC with ecw of 0.2 and eew
of 0.6 as shown in the right part of Fig. 12, the permeability of
the condenser wick (Kcw) and the evaporator wick (Kew) is about3.26  1013 m2 and 3.52  1011 m2, respectively. Based on
Darcy’s law, the ratio of the pressure drop in the condenser wick
to that in the evaporator wick can be expressed as LcwKew/LewKcw,
where Lcw and Lew are the thickness of the condenser wick and
the evaporator wick, respectively. Even if there is no grooves and
cavity in the evaporator wick (namely, Lcw/Lew = 1/5), the ratio is
about 22. This is why the pressure distribution on the bottom sur-
face of the evaporator wick shown in the right part of Fig. 12 seems
so flat when compared with that on the top surface of the con-
denser wick. Since small pressure drop indicates weak fluid flow,
any porosity configuration and thickness that may flatten the pres-
sure distribution in the wicks should be avoided.
From Fig. 12, it can also be found that: on the top surface of the
condenser wick, if eew is smaller than ecw, the pressure difference
between the area above the evaporator grooves and the non-
grooved portions becomes smaller. On the contrary, if eew is larger,
the difference is also larger. This is because smaller eew makes the
evaporator wick-condenser wick interface more like a wall or more
similar to the vapor-condenser wick interface, which will limit the
fluid flow. On the opposite, larger eew will reduce the collision
between the fluid and the evaporator wick-condenser wick inter-
face, thus making the fluid in the condenser wick pass through
more easily and reducing the pressure accordingly. This will bene-
fit the aggregation of the fluid flow from the condenser wick to the
evaporator wick, as is described in Fig. 7(h) and (l).
4. Conclusions
Recently, the CPVC with good thermal performance in temper-
ature uniformity and high heat-flux limit was developed. However,
due to the lack of deep understanding of underlying mass and heat
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Fig. 12. Influence of the wick porosities on the pressure distribution of the CPVC with powder size of 62.5 lm.
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such as wick structures, wick porosity configuration and powder
size, on the thermal hydraulic performance of the CPVC is unre-
vealed, heavily limiting its further development including struc-
ture optimization. As a result, a simplified numerical model is
presented in this paper to study the thermal hydraulic perfor-
mance of the CPVC and the influencing structural factors, aiming
at revealing its underlying mass and heat transfer mechanisms.
In the model, the vapor is assumed as a single interface with the
same saturated temperature of vapor. After validating the model,
the temperature, liquid/vapor velocity and pressure fields are
obtained and analyzed, and the influence of wick porosities is
investigated. Some useful findings are as follows.(1) Being consistent with experiment study, the evaporator
wick with uniform radial grooves can provide radial multi-
artery channels for the liquid backflow and heat conductive
passages for the heat transfer process, and the CPVC can
maintain a uniform temperature and operate efficiently to
high heat fluxes of 28  105 W/m2 without notable perfor-
mance degradation.
(2) The wick porosity affects the performance of CPVCs more
than the powder size does. To obtain better performance,
the configuration of the evaporator wick porosity and the
condenser wick porosity should make the maximum pres-
sure drop in the wicks near, but less than, the maximum
capillary pressure. However, the optimal porosity configura-
14 Q.-H. Wang et al. / International Journal of Heat and Mass Transfer 142 (2019) 118458tion will not remain fixed for different powder size, and lar-
ger powder size will result into smaller optimal porosity,
and vice versa. For example, the ideal evaporator wick
porosity for the powder size of 62.5 lm should be in the
range of 0.35–0.4, while the reasonable range of the evapo-
rator wick porosity is 0.4–0.45 for the powder size of
26.7 lm. To achieve higher performance, it is better for the
evaporator wick porosity and the condenser wick porosity
to be as close as possible to the lower bound of their range,
since the maximum temperature difference on the con-
denser surface and the total thermal resistance of CPVCs
decrease with the decrease of porosity. In addition, to facil-
itate the fluid flow circulation, it is better for the evaporator
wick porosity to be slightly larger than the condenser wick
porosity.
Although positive results have been obtained and the underly-
ing mechanisms of CPVCs can be revealed to some extent, the pro-
posed numerical method still needs to be improved in the future
by taking powder shape into account. In addition, due to the uncer-
tainty of the experimental temperatures of the thermocouples near
the solid side wall of CPVCs, the results in the numerical study
should be considered as more qualitative than quantitative. This
may be the limitation of the numerical method and indicates that
more experiments need to be performed to ensure the accuracy of
the convection heat transfer coefficient on the condenser surface.
Once being further improved, the numerical method will be uti-
lized to facilitate the structural optimization of CPVCs in the future
by investigating the diameter of the circular cavity, the number of
the grooves on the evaporator wick, the length and depth of the
grooves, the thickness of the wicks and the vapor core, etc., or by
reducing the pressure drop at the center of the heating source
location.
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